[1] Although magnetic field models are widely used in magnetosphere-ionosphere coupling studies to perform field-line mapping, their accuracy has been difficult to estimate experimentally. Taking advantage of the high correlation between lower-band chorus and pulsating aurora, we located the THEMIS spacecraft footprint within ∼km accuracy and calculated the differences from mappings given in widely-used Tsyganenko models. Using 13 conjunctions of the THEMIS spacecraft and ground-based imagers, we found that the Tsyganenko model footprints were located within 1°-2°magnetic latitude and 0.1-0.2 h magnetic local time of our derived footprint. The deviation between the footprints has a consistent dependence on geomagnetic activity. Our results showed that the real magnetic field tends to be less stretched than that in the Tsyganenko models during quiet times and comparable to or more stretched during disturbed times. This approach can be used to advance modeling of field lines that connect to the near-Earth plasma sheet. Citation: Nishimura, Y., et al. (2011), Estimation of magnetic field mapping accuracy using the pulsating aurora-chorus connection, Geophys. Res. Lett., 38, L14110,
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Introduction
[2] Magnetic field mapping is a crucial part of magnetospheric and ionospheric studies. A series of practical, empirical models [Tsyganenko, 2010, and references therein] that include effects of magnetospheric currents and give associated field line stretching have been widely used to successfully connect large-and meso-scale (several hundred kilometers in the ionosphere) structures of particles, aurora, and plasma flows at two different altitudes at magnetically connected locations [e.g., Wygant et al., 2000; Marchaudon et al., 2004; Dombeck et al., 2005] . Such magnetic field maps have been validated based on striking similarities in flow pattern or particle distribution along magnetic field lines [Weiss et al., 1997; Puhl-Quinn et al., 2007] . Conjugate auroral measurements are also useful for highlighting magnetic conjugate locations in each hemisphere [Sato et al., 2005; Motoba et al., 2010] . Also useful are event-oriented magnetic field reconstructions [e.g., Pulkkinen, 1991; Kubyshkina et al., 2011] , which can reproduce measured in-situ magnetic fields but are limited by spacecraft coverage.
[3] Higher accuracy is required for mapping of smallerscale (∼100 or fewer kilometers in the ionosphere) phenomena, which are of particular importance for connecting the auroral ionosphere and the magnetotail. Such accuracy is extremely difficult to achieve, however, due to highly variable external currents and the dynamic nature of auroral forms. Thus, experimental validation of the magnetic field configuration is needed for reliable mapping.
[4] Nishimura et al. [2010] proposed a method to determine the precise magnetic footprint of a magnetic field line threading a spacecraft in the plasma sheet with an accuracy of ∼a few kilometers in the ionosphere. Using conjugate measurements by the THEMIS spacecraft and all-sky imager (ASI), they showed a high correlation between the intensity modulation of lower-band chorus waves measured in space and the pulsating aurora (PA) observed by an ASI on the ground. This correlation, which has been observed consistently during spacecraft-imager conjunctions in multiple events (Y. Nishimura et al., Multi-event study of pulsating aurorachorus correlation, submitted to Journal of Geophysical Research, 2011), shows that PA results from electron scattering by the observed chorus. Taking advantage of the spatial scale of the PA patches and the fact that adjacent patches pulsate incoherently with one another, the small area of the sky that correlates with the chorus wave locates the real magnetic footprint of the spacecraft independent of any magnetic field model. The accuracy of various magnetic field models can thus be estimated by comparing their predicted footprints against our observed footprint location.
[5] In the present study, we used 13 conjunctions (Nishimura et al., submitted manuscript, 2011) between the THEMIS spacecraft and ASIs [Angelopoulos, 2008; Mende et al., 2008] from 2007 to 2010 to determine typical differences between the highest-correlation area and model footprints. We only chose cases in which the spacecraft detected intense (>10 pT) lower-band chorus in the particle burst mode and conjugate auroral observations were available near a model magnetic footprint. The imager data were mapped onto a 110 km altitude plane. This approach is valid over a wide elevation angle range without much distortions because the pulsating aurora occurs in a narrow altitude range, with a vertical extent of less than 2 km [Stenbaek-Nielsen and Hallinan, 1979] . The location with the highest crosscorrelation between auroral emissions and intensity modulation of lower-band chorus was determined for each event by calculating two-dimensional cross correlation coefficients. The high correlation region is confined to a patch area (∼a few kilometers) because a patch changes its shape in time and surrounding patches have different phases and periods of pulsation [Nishimura et al., 2010] . The highest correlation location was compared to model footprints estimated by the T89 [Tsyganenko, 1989] , T96 [Tsyganenko, 1995 [Tsyganenko, , 1996 , T02 [Tsyganenko, 2002] , and TS05s [Tsyganenko and Sitnov, 2005 ] models, and for reference, to the International Geomagnetic Reference Field 11th (IGRF-11) [Finlay et al., 2010] model, which does not include external current effects. The spacecraft distributed at 5.3-9.2 R E , 22.8-4.6 h MLT and −0.3°-5.8°MLAT.
Results
[6] A typical conjunction event (event h in Table 1 ) is shown in Figure 1 . The intensity of lower-band chorus is modulated quasi-periodically with a recurrence period of ∼10-20 s ( Figures 1a and 1b) ; the upper-band chorus and electron cyclotron harmonic (ECH) waves are much weaker or negligible. The ASI keogram at Narsarsuaq (Figure 1c , 61.16°and 314.56°in geographic latitude and longitude) shows that the PA was located poleward of the T02 model footprint latitude. The chorus intensity is highly correlated with the PA, as shown in Figure 1d , and the actual magnetic footprint of the spacecraft is thus located slightly poleward of the T02 footprint. When the PA patch size is ∼100 km, the footprint location can be determined with a much higher accuracy, because the patch changes its location and shape with time. This property allows us to determine the highest correlation location, which is much smaller (a few km) than the patch size and lies 1.2°above the T02 footprint latitude for this event. As shown schematically in Figure 2 , the more poleward footprint indicates a magnetic field configuration that is less stretched than the model field line.
[7] The same analysis was performed for the other events (7 of which have been presented by Nishimura et al. [2010 Nishimura et al. [ , submitted manuscript, 2011 ). Deviations from the magnetic field models are listed in Table 1 and shown in Figure 3 . On average, the newer Tsyganenko models (T96, T02 and T05s) give footprint locations within ∼1°in magnetic latitude (MLAT) and 0.1-0.2 h in magnetic local time (MLT) (events a, c, d, e and k-m). The deviation in the 2-d plane of the ionosphere is the smallest for the T02 model (1.02°in MLAT and 0.09 h in MLT). In a statistical sense, T02 thus gives the best estimate of the magnetic footprint of the spacecraft in the PA regions. This result would be because T02 contains more realistic current distributions than T89 and T96. T02 is also a function of preceding solar wind parameters. T05s is tuned for storm-time magnetic field modeling and may not accurately reproduce the magnetic field during the non-storm times.
[8] By categorizing our event list according to magnetic activity level, a more consistent bias tends to emerge in the magnetic field models. During magnetically quiet times (Figure 3a) , the "real" footprint (derived from the chorus-ASI highest correlation pixel) tends to be located between the Tsyganenko and IGRF model footprints in latitude, indicating that the model fields are too stretched (see field lines A and B in Figure 2) . The real footprints are located ∼1°MLAT poleward of the Tsyganenko model latitudes. Here quiet time means a time period with a small deviation of the ground magnetic field from the daily mean at the ASI location. The substorm growth phase is not included in our conjunction events, perhaps because PA occurs preferentially after substorm onset.
[9] During disturbed conditions (substorm expansion and recovery phases, Figure 3b ), on the other hand, the model footprints tend to cluster close to or slightly higher in latitude than the real footprint, indicating that model field stretching tends to be approximately correct or possibly slightly insufficient (field lines B and C in Figure 2 ). The real footprints are located on average ∼0.5°MLAT equatorward of the Tsyganenko model latitudes. This tendency is similar to the finding from an event-oriented model [Kubyshkina et al., 2011] , and indicates that the real magnetic field tends to be less stretched than in the Tsyganenko models during quiet times and comparable to or more stretched during disturbed times. The MLT difference is less than ∼0.05 h, and thus well reproduced in the model fields.
[10] The latitudinal locations of the real footprint relative to the model footprints are roughly consistent with the in-situ magnetic field compared to the model fields (not shown). The quiet-time magnetic field inclination is closer to that of IGRF, while the inclination during the disturbed times tends to be close to that of T02. This tendency gives a support for our study that the PA mapping reflects the actual magnetic field geometry.
Summary
[11] The high correlation between lower-band chorus and PA was utilized to estimate the accuracy of several widelyused magnetic field models. Using 13 events of conjugate THEMIS spacecraft and ground-based imager measurements during periods of intense lower-band chorus waves, we found that the Tsyganenko magnetic field models give reasonable estimates of the spacecraft footprint within 1-2°MLAT and 0.1-0.2 h MLT. The deviation between the highest-correlation pixel and model footprints shows dependence on geomagnetic activity; the Tsyganenko models tend to overestimate field-line stretching during quiet times, and to be approximately correct or understretched during active times. The MLT is generally well explained by the models. Note, however, that our analysis is limited to the PA occurrence region, near the equatorward boundary of the auroral oval mainly at postmidnight after substorm onset. Model accuracy is likely to change in different regions and for different magnetic conditions. Nevertheless, our results will be useful for magnetosphere-ionosphere coupling studies and will provide future opportunities to advance magnetic field modeling. [12] Acknowledgments. This work was supported by NASA contract NAS5-02099, 9F007-046101, NSF grants ATM-0802843 and AGS-0840178, and JSPS Research Fellowship.
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